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disulfide/graphene electrode
Abstract
We report a thermally stable high-performance lithium battery using an electrochemically synthesized
three-dimensional porous molybdenum disulfide/graphene composite electrode and a phosphoniumbased ionic liquid (IL) electrolyte. Benefiting from the structural merits of the chosen electrode and the
thermal stability of the electrolyte, the cell coupled with a Li foil exhibits excellent rate performance and
cycling capability at room temperature; and that is retained with an even better rate capability at an
elevated temperature of 50 8C. This work may provide a new avenue for the development of safe and high
performance lithium-ion batteries at high temperature.
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Towards thermally stable high performance lithium-ion batteries:
the combination of a phosphonium cation ionic liquid and a 3D
porous molybdenum disulfide/graphene electrode
Yu Gea, Cristina Pozo-Gonzalob, Yong Zhaoa, Xiaoteng Jiaa, Robert Kerrb, Caiyun Wang*a, Patrick C.
Howlett*b, and Gordon G. Wallacea

We report a thermally stable high-performance lithium battery
using an electrochemically synthesized three-dimensional porous
molybdenum disulfide/graphene composite electrode and a
phosphonium-based ionic liquid (IL) electrolyte. Benefiting from
the structural merits of chosen electrode and the thermal stability
of the electrolyte, the cell coupled with a Li foil exhibits excellent
rate and cycling capability at room temperature; and that is
retained with an even better rate capability at an elevated
temperature of 50 oC. This work may provide a new avenue for the
development of safe and high perfromance lithium-ion batteries
at high temperature.
Lithium-ion battery (LIB) technologies with increased energy
storage capabilities as well as reliability at high temperature
are required to meet the needs of advanced electronics.1-3
Safety issues have received significant attention in recent
years.4 Traditional electrolytes for LIBs are composed of
volatile and flammable organic solvents containing toxic
lithium hexafluorophosphate (LiPF6). Room temperature ionic
liquids (RTILs) have low volatility with greatly reduced
flammability.5, 6 The merits of low volatility, high ionic
conductivity and excellent electrochemical stability make RTILs
a promising alternative electrolyte for LIBs.7
RTIL
electrolytes
based
on
the
bis(trifluoromethanesulfonyl)imide
(TFSI)
or
the
bis(fluorosulfonyl)imide (FSI) anions coupled with nitrogenbased cation have been well studied as electrolytes in
lithium/sodium batteries demonstrating stable cycling
performance.5, 6, 8-10 The recently developed phosphonium
based ionic liquids offer comparable to or even superior
properties than those ammonium derivatives with regards to
the properties of Li+ transport and electrochemical windows. 11-
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For instance, the IL containing phosphonium with an alkyl
ether chain demonstrated an electrochemical window of 4.1 V
and a high Li+ transport number of 0.54;12 while that with a
small alkyl phosphonium imide demonstrated a high
electrochemical window of 5.7 V, a low viscosity of 18.4 mPa s,
and a high conductivity of 13.8 mS cm-1.13 While these features
are all highly desirable for LIBs, the use of these electrolytes in
lithium-ion batteries has not been reported.
To realize the full potential of an IL electrolyte in a LIB, the
electrode must be well-designed with a structure that allows
complete wetting and minimizes mass transport losses arising
from the higher viscosities. Traditional graphite anodes may
not be suitable in this regard because of its low theoretical
capacity (372 mAh g-1). Molybdenum disulfide (MoS2) has
emerged as a promising anode candidate owing to its high
theoretical capacity (670 mAh g-1).15, 16 Moreover, it can be
easily fabricated into various nanostructured composites
electrodes to achieve outstanding lithium storage
performance.17, 18 MoS2 nanosheets vertically grown on
graphene sheets by the hydrothermal method delivered a
large capacity of 1077 mAh g-1 at 100 mA g-1.17 A free-standing
macroporous film composed of chemically exfoliated MoS 2
nanosheets and graphene sheets via self-assembly offered a
high capacity of 800 mAh g-1 at 100 mA g-1.18 Recently we
developed an electrochemically synthesized molybdenum
sulfide/graphene nanocomposite, which exhibited a very high
capacity (over 1200 mAh g-1 at 100 mA g-1) and excellent rate
performance (1016 mAh g-1 at 2 A g-1).19 The lithium storage
performance of these MoS2/graphene composites in an IL has
not been demonstrated.
Here we propose a combination of a small phosphonium
cation IL-based electrolyte with a molybdenum sulfide-based
electrode for lithium storage applications. The applied
electrolyte, a mixture of trimethyl(isobutyl)phosphonium
bis(fluorosulfonyl)imide
(P111i4FSI)
and
lithium
bis(fluorosulfonyl)imide (LiFSI) has demonstrated good
performance in lithium batteries with a LiNi1/3Mn1/3Co1/3O2
cathode obtaining a stable capacity of 130 mAh g-1 over 200
cycles at 0.25 mA cm-2.14 An electrochemically deposited
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molybdenum disulfide/graphene composite with a threedimensional porous structure was used as the electrode in this
work. The assembled cells exhibited excellent energy storage
capacities at room temperature, and a remarkable stability
and even better rate capability at higher temperature. This
work may provide a good avenue towards practical LIB
applications with both high performance and reliability at high
temperature.
The chemical structure of P111i4FSI is depicted in Fig. S1 (ESI†).
The physicochemical properties of P111i4FSI containing various
concentrations of LiFSI (0.5-3.8 mol kg-1) have been well
studied previously11. We used the IL mixture with 3.2 mol kg-1
LiFSI in this work because of its favorable physicochemical and
Li+ transport properties for use in a LIB: no melting and
crystallization along with a very low glass transition (-72.9±0.2
oC); a reasonable ionic conductivity of 0.9±0.1 mS cm -1; and a
larger Li transference number (0.40±0.01) than the
conventional LiPF6/EC/DEC electrolyte at 25 oC (0.24±0.087).20
The electrochemical synthesis of 3D porous MoS 2/graphene
was performed in a solution containing (NH) 4MoS4, graphene
oxide (GO) and KCl. Upon the applied negative potential of -1.2
V, GO nanosheets decorated with MoS42- migrated and
attached onto the stainless steel mesh (SSM) substrate, where
MoS42- was converted into MoS2 following a reaction of MoS42+ 2e- + 4H+ → MoS2 + 2H2S.21, 22 Meanwhile, GO was reduced
at such negative potential,23 denoting the composite as
MoS2/rGO thereafter. The random stacking of these sheets
created a porous 3D structure.
Scanning electron microscopy (SEM) was applied to
characterize the structures. The neat MoS2 film was uniformly
coated on the SSM (Fig. 1a) with a compact structure and a
thickness of ~640 nm. As revealed by both the cross-sectional
view and topographic images, the MoS2/rGO electrode
displayed a porous three-dimensional (3D) architecture

Fig. 1 SEM images of MoS2 (a; inset shows the thickness) and MoS2/rGO (b-d) at
different magnifications; (e, f) TEM images of MoS2/rGO.

created by the randomly stacked nanosheets (Fig. 1b and c).
Such film-like structure showed an average thickness of ~3 µm,
higher than that of the molybdenum sulfide/graphene film
deposited by cyclic voltammetry (1-2 µm from 30 cycles).19 The
lateral size of the composite nanosheets was in a range of
several hundred of nanometers with a typical thickness of ~72
nm. At a higher magnification, the composite sheets displayed
a granular surface structure (Fig. 1d). The energy dispersive Xray spectroscopy (EDS) results clearly showed strong Mo and S
peaks for both MoS2 and MoS2/rGO (Fig. S2a, b, ESI†), while
the C peak could only be found in the spectrum of MoS 2/rGO,
evidencing the existence of graphene and formation of
composite. High-resolution transmission electron microscopy
(HRTEM) further evidences that rGO sheets were evenly
coated by MoS2 (Fig. 1e). At a higher magnification, a lattice
spacing of 0.65 nm was shown (Fig. 1f) corresponding to the
(002) crystal plane of layered MoS2. These results clearly
demonstrate that graphene nanosheets may act as the
template and backbone for the growth of MoS 2.
The formation of MoS2 was confirmed by Raman, thermogravimetric analysis (TGA) and X-ray photoelectron
spectroscopy (XPS). Distinct peaks at 354.6, 410.1 and 458.7
cm-1 were observed in the Raman spectra of neat MoS 2 and
MoS2/rGO (Fig. 2a), which respectively correspond to the E 12g,
A1g and 2LA modes of hexagonal MoS2 crystal,24 confirming the
existence of MoS2. For MoS2/rGO, the D band and G band of
graphene at 1322 cm-1 and 1601 cm-1 can also be found,
evidencing the formation of a composite. TGA curves also
provided the evidence of the formation of composite (Fig. S3,
ESI†). These two materials MoS2 and MoS2/rGO all displayed a
major weight loss at ~400 oC, which can be attributed to the
oxidation of MoS2 to MoO3 in air.25 An extra weight loss at
~200 oC was observed for MoS2/rGO, mainly related to the
removal of residual oxygen-containing groups in rGO.26
The formation of molybdenum sulfide can be further shown
by the strong Mo and S peaks in the wide XPS spectrum of
MoS2/rGO (Fig. 2b), wherein the intensity ratio of S:Mo was
calculated to be 1.96, very close to the stoichiometric number
of crystalline MoS2. This ratio is lower than the 2.4 obtained

Fig. 2 (a) Raman spectra of MoS2, MoS2/rGO and GO; (b-d) XPS survey spectra,
Mo 3d spectra and S 2p spectra of MoS2/rGO.
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for the MoSx/rGO composite synthesized using cyclic
voltammetry, since that MoS3 was formed during the anodic
process.19 In the Mo 3d region, two major peaks at ~229.6 eV
and 232.6 eV can be ascribed to Mo 3d5/2 and Mo 3d3/2 binding
energies (Fig. 2c), typical for Mo4+ in MoS2. The peak at ~235.5
eV is assigned to Mo6+. In the S 2p region (Fig. 2d), a strong
doublet at the lower binding energy (~161.8 and 163.0 eV)
represent S2- 2p3/2 and S2- 2p1/2, characteristic S 2p peaks of
MoS2 crystals. Another weaker doublet at ~163.2 and 164.3 eV
arise from S22- 2p3/2 and S22- 2p1/2, indicating the existence of
bridging S22- ligands, which constitutes MoS 3 in the form of
MoIV(S2-)(S22-),27 suggesting the presence of MoS 3 of a minor
content. The peaks representing C-O and C=O at ~285.2 eV and
~287.9 eV decreased dramatically in the C 1s spectra of
MoS2/rGO compared to that of GO (Fig. S4a and b, ESI†),
proving the massive removal of oxygen-containing groups,
namely, reduction of GO.
The electrochemical performance of the cells at room
temperature was investigated using cyclic voltammetry (CV) at
0.2 mV s-1 and galvanostatic charge/discharge at 0.1 A g-1. By
referring to the mass of bare SSM substrate, the areal mass
loading of the electrode was about 0.46 mg cm -2 for MoS2 and
0.55 mg cm-2 for MoS2/rGO. Here, four types of cells were
assembled with the combination of two types of electrode
(MoS2; MoS2/rGO labelled as MG) and two electrolytes (3.2
mol kg-1 LiFSI in P111i4FSI, labelled as IL; 1 M LiPF6 in 1:1
ethylene carbonate/dimethyl carbonate, labelled as CE). These
cells are denoted as MG-IL, MG-CE, MoS2-IL, and MoS2-CE,
respectively. The MG-IL cell displayed a sharp cathodic peak at
~0.5 V in the first CV cycle (Fig. 3a) corresponding to the
formation of solid electrolyte interphase (SEI), a main cause for
irreversible capacity in the charge/discharge profile (Fig. 3b). 17
In the following cycles, three cathodic peaks at around 1.82 V,
1.02 V and 0.41 V were shown, which can be assigned to the
formation of Li2S and LixMoS2, decomposition of lithiated
MoS2, respectively.28 In the anodic process, two major peaks at
~1.56 and 2.28 V were shown which arose from the partial
oxidation of Mo forming MoS2, and formation of sulfur,
respectively.28 In the charge/discharge profile, plateaus at ~2.0
and 1.0 V in the discharge process, and ~2.2 and 1.4 V in the

Fig. 3 (a) The first three cyclic voltammograms of the MG-IL cell over a potential
range of 0.0-3.0 V vs. Li/Li+ at 0.2 mV s-1; (b) The first three charge/discharge
curves of MG-IL at 0.1 A g-1; (c) Rate performance of the cells; (d) Cycling
performance at 0.4 A g-1 of the cells and the Coulombic efficiency of the MG-CE
and MG-IL.

charge process can be seen; they are the typical Li storage
characteristics of MoS2-based materials and are consistent
with the CV results. Similar electrochemical behaviours were
presented by MG-CE, MoS2-CE and MoS2-IL cells as well (Fig.
S5, ESI†).
The rate performance of the cells at room temperature was
investigated (Fig. 3c). They all delivered a very high specific
capacity of 1131, 1044, 1259 and 1109 mAh g -1 during the first
cycle for MG-CE, MG-IL, MoS2-CE and MoS2-IL, respectively.
The MG-CE exhibited the highest reversible capacities at all
current densities investigated (0.1-1 A g-1): 955, 875, 829, 790
and 782 mAh g-1 for 0.1, 0.2, 0.4, 0.8 and 1 A g-1 -applied
current. The MG-IL offered a comparable capacity of 852, 793
and 761 mAh g-1 at a current density of 0.1, 0.2 and 0.4 A g-1; a
lower capacity of 629 and 590 mAh g-1 at 0.8 and 1 A g-1. This is
attributed to the higher viscosity and lower conductivity of the
IL electrolyte. The rate capability of both MG cells is superior
to those obtained using MoS2, confirming advantages accrued
using the 3D porous structure over that of a compact nature. It
can be attributed to the following aspects: high conductivity of
the rGO matrix improving the electron transport; enlarged
electrolyte- electrode interface which facilitates greater Li+
diffusion into the electrode structure. Importantly, the
capacity delivered from the MG-IL cell is much higher than that
of the graphite anode in FSI-based IL electrolyte (360 mAh g-1
at 0.2 C).29
The cycling performance at room temperature was studied at
a current density of 0.4 A g-1 (Fig. 3d). All systems investigated
displayed good cycling stability over 100 charge/discharge
cycles, and the MG-CE showed the best cycling performance of
an initial reversible capacity of 828 mAh g-1 and 819 mAh g-1 at
the 100th cycle, a retention rate of 99% with a stable
Coulombic efficiency close to 100%. The MG-IL delivered an
initial reversible capacity of 794 mAh g -1 and 737 mAh g-1 at the
100th cycle with a retention rate of 93% and a Coulombic
efficiency of 94%, which is inferior to the MG-CE cell.
Nevertheless, this cycling stability is better than those of
reported MoS2/graphene composites with conventional
solvent-based
electrolyte,
including
hydrothermally
synthesized composites (a retention rate of 88.6% over 100
cycles at 100 mA g-1)30 and exfoliated MoS2 nanosheets hybrid
with graphene (71% retained over 100 cycles at 100 mA g-1).31
These cells were further characterized by electrochemical
impedance spectra (EIS). The Nyquist plots with a suppressed
semi-circle at high-frequency region and a linear part at lowfrequency region were fitted using an equivalent circuit model
composed of Rs, Rct, CPE and ZW, representing contact
resistance, charge transfer resistance, constant phase element,
and Warburg impedance, respectively. It is noticeable that the
MG-IL showed a lower Rct (32 Ω) than that of the MG-CE (87 Ω)

Fig. 4 Rate capability (a) and cycling performance at 0.4 A g-1 (b) of MG-IL
recorded at 50 oC.
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(Fig. S6a, ESI†). This may be attributed to the high
concentration of LiFSI in the IL electrolyte, leading to an
increased Li+ transference number.11 Both MoS2-CE and MoS2IL exhibited a larger Rct of 115 and 151 Ω (Fig. S6b, ESI†), which
we expect is due to their compact film structure.
The charge/discharge performance of MG-IL at a high
temperature (50 oC) was investigated with the MG-CE cells as
controls. However, most of the MG-CE cells failed even at the
first cycle, and no sufficient results could be collected. This
may be ascribed to the poor thermal stability of organic
solvent and the possible decomposition of LiPF6 salt at 50 oC.
In contrast, the MG-IL cell displayed excellent rate
performance (Fig. 4a), a reversible capacity of 843, 804, 774,
743 and 728 mAh g-1 was delivered at 0.1, 0.2, 0.4, 0.8 and 1 A
g-1, respectively. The capacities at lower current densities (0.10.4 A g-1) are very close to those recorded at room
temperature, yet there is a ̴20% increase in the capacities
delivered at 0.8 and 1 A g-1. It indicates that the ionic liquid
electrolyte not just withstands the high temperature owing to
its outstanding thermal stability, but also benefits from the
resultant lowered viscosity and improved ionic conductivity.10
The MG-IL showed an excellent cycling performance over 100
cycles at 0.4 A g-1: the capacity did not drop but slightly
ascended (Fig. 4b). Also, the Coulombic efficiency was kept at
~100% for all the cycles. The slight increase of the capacity
over the cycling may be due to the slow wetting of the
electrode by electrolyte. All these results suggest the potential
use of P111i4FSI IL electrolyte in LIBs to simultaneously ensure
safety and retain high performance at high temperature.
In summary, the electrodeposited MoS2/rGO composite as an
electrode exhibited high capacities, good rate capability and
good cycling stability when using P111i4FSI ionic liquid-based
electrolyte for lithium storage. The graphene-backboned 3D
architecture provided an enhanced electrode/electrolyte
interface, which facilitates easy access of IL electrolyte with
high viscosity. Importantly, this type of cell demonstrated an
outstanding cycling and rate performance at a high
temperature of 50 oC owing to the thermal properties of IL.
This work may provide a solution for fabricating highperformance and safe lithium-ion batteries at high
temperatures. This concept can also be expanded to other
electrochemical energy storage/conversion applications that
involve the utilization of electrolyte-electrode interface such as
sodium ion batteries, supercapacitors and electrocatalysis.
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